On 1 April 2001, the Polar satellite crossed a subsolar magnetopause associated with antiparallel magnetic fields. Over a width ϳ6 magnetosheath ion skin depths (ϳ3 magnetospheric ion skin depths), perpendicular ion flows different from E 3 B͞B 2 as well as Hall magnetic and electric field signatures were observed. At a smaller scale, the electron flow decoupled from the magnetic field near a deep minimum in the magnetic field strength. Separatrices were identified as boundaries of low frequency electric field turbulence associated with density minima and parallel electric fields. The reconnection rate was less than 2% of the asymptotic Alfvén speed. DOI: 10.1103/PhysRevLett.89.015002 PACS numbers: 94.30.Di, 52.35.Vd, 52.70.Ds Magnetic field reconnection is thought to control much of the topology and energetics of lab plasmas, the earth's magnetosphere, the sun, and all of astrophysics. Because it is best studied by in situ measurements in the earth's magnetosphere, considerable evidence has accumulated to show that magnetic field reconnection is responsible for modifying the topology of merging terrestrial and interplanetary magnetic fields to produce an open field line geometry that allows mass and momentum transfer from the solar wind into the magnetosphere. Magnetic field reconnection involves terms in the generalized Ohm's law that are ignored in magnetohydrodynamic (MHD) descriptions of the magnetosphere, which assume the "frozen-in" condition, E 1 v 3 B 0, where E and B are the electric and magnetic fields, and v is the plasma bulk velocity. One such neglected term, producing the Hall effect, is the j 3 B force due to the current j, whose inclusion causes decoupling of ions from the magnetic field at the ion skin depth to produce the ion diffusion region, quadrupolar magnetic fields [1] [2] [3] [4] [5] , and bipolar electric fields [5, 6] . On the smaller spatial scale of the electron diffusion region, electron inertial and gradient effects may become important to produce a parallel electric field, electrons that are decoupled from the magnetic field, and conversion of electromagnetic energy to particle energy [2,3,5] (see Fig. 1 ). Experimentally, direct encounters with the diffusion regions have been rare and details of these regions have not been well resolved. Partial confirmations of the ion-scale Hall effect have been reported as detection of the Hall magnetic field [7] [8] [9] and electron beams directed toward the separator along the separatrices [8 -10]. Evidence for parallel electric fields and associated electron pressure effects has been reported in a complex crossing of a high latitude reconnection region [11] and in the auroral acceleration region [12, 13] . The purpose of this Letter is to present a textbook example of a magnetopause crossing, where data from the only three-axis electric field experiment that has been flown in the outer magnetosphere [14] are combined with plasma and magnetic field measurements [15, 16] to obtain an improved description of the ion and electron diffusion regions. Uncertainties in the electric and magnetic field measurements and the plasma data have been discussed elsewhere [11, 17] . The basic reconnection configuration, the coordinate system, and observed features are described in Fig. 1 .
On 1 April 2001, the Polar satellite crossed a subsolar magnetopause associated with antiparallel magnetic fields. Over a width ϳ6 magnetosheath ion skin depths (ϳ3 magnetospheric ion skin depths), perpendicular ion flows different from E 3 B͞B 2 as well as Hall magnetic and electric field signatures were observed. At a smaller scale, the electron flow decoupled from the magnetic field near a deep minimum in the magnetic field strength. Separatrices were identified as boundaries of low frequency electric field turbulence associated with density minima and parallel electric fields. The reconnection rate was less than 2% of the asymptotic Alfvén speed. DOI Magnetic field reconnection is thought to control much of the topology and energetics of lab plasmas, the earth's magnetosphere, the sun, and all of astrophysics. Because it is best studied by in situ measurements in the earth's magnetosphere, considerable evidence has accumulated to show that magnetic field reconnection is responsible for modifying the topology of merging terrestrial and interplanetary magnetic fields to produce an open field line geometry that allows mass and momentum transfer from the solar wind into the magnetosphere. Magnetic field reconnection involves terms in the generalized Ohm's law that are ignored in magnetohydrodynamic (MHD) descriptions of the magnetosphere, which assume the "frozen-in" condition, E 1 v 3 B 0, where E and B are the electric and magnetic fields, and v is the plasma bulk velocity. One such neglected term, producing the Hall effect, is the j 3 B force due to the current j, whose inclusion causes decoupling of ions from the magnetic field at the ion skin depth to produce the ion diffusion region, quadrupolar magnetic fields [1] [2] [3] [4] [5] , and bipolar electric fields [5, 6] . On the smaller spatial scale of the electron diffusion region, electron inertial and gradient effects may become important to produce a parallel electric field, electrons that are decoupled from the magnetic field, and conversion of electromagnetic energy to particle energy [2, 3, 5] (see Fig. 1 ). Experimentally, direct encounters with the diffusion regions have been rare and details of these regions have not been well resolved. Partial confirmations of the ion-scale Hall effect have been reported as detection of the Hall magnetic field [7] [8] [9] and electron beams directed toward the separator along the separatrices [8 -10] . Evidence for parallel electric fields and associated electron pressure effects has been reported in a complex crossing of a high latitude reconnection region [11] and in the auroral acceleration region [12, 13] . The purpose of this Letter is to present a textbook example of a magnetopause crossing, where data from the only three-axis electric field experiment that has been flown in the outer magnetosphere [14] are combined with plasma and magnetic field measurements [15, 16] to obtain an improved description of the ion and electron diffusion regions. Uncertainties in the electric and magnetic field measurements and the plasma data have been discussed elsewhere [11, 17] . The basic reconnection configuration, the coordinate system, and observed features are described in Fig. 1 .
The data of Figs. 2b through 2h have been rotated and transformed into a frame fixed to the magnetopause, with the X direction normal to the magnetopause surface, and with the plasma flowing from the magnetosheath in the 2X direction. This figure displays the crossing from the denser plasma (ϳ5 cm 23 in Fig. 2a ) and southward pointing magnetic field (B Z ϳ 280 nT in Fig. 2e ) in the magnetosheath to the lower-density plasma (ϳ1.5 cm 23 ) and northward pointing field (B Z ϳ 80 nT) in the magnetosphere. Within the magnetopause, the magnetic field decreased to essentially zero within experimental uncertainties (Fig. 2b ) while E X (Fig. 2f) and B Y (Fig. 2d) showed the expected signatures of Hall MHD in the ion diffusion region, where Panel (a) is the plasma density determined from the 5 Hz spacecraft potential measurement normalized by the 0.6 Hz plasma density observations. The uncertainty in the density estimate is ϳ15% [20] . Panels (b), (c), (d), and (e) give, respectively, the magnitude and three components of the measured magnetic field at a rate of 8 samples͞sec. Panels (f), (g), and (h) give the three components of the electric field in a frame fixed to the magnetopause and in which the magnetosheath plasma is incident in a direction normal to the magnetopause surface. The electric field data rate was 40 samples͞sec. The electric field was obtained after notch filtering the on-axis component to remove a small spin tone, subtracting a dc offset from the on-axis measurement, and notch filtering the higher harmonics of the spin frequency in the spin plane measurements. Similar corrections were applied to the magnetic field data. The X direction of the GSE coordinate system of the original data points from the earth towards the sun, the Y direction lies in the ecliptic plane and points towards dusk, and Z is parallel to the ecliptic pole. the ions did not obey E 1 v i 3 B 0. The normal magnetic field was ϳ5 nT (Fig. 2c) . The entire magnetopause crossing took 28 sec.
Rotation from the spacecraft frame into boundary normal coordinates was accomplished in three different ways; through the maximum variance of the electric field, the minimum variance of the magnetic field, and from the Faraday residue method [18] . These three methods gave the same normal direction to within 11 ± . The GSE (defined in the caption of Fig. 2 ) minimum variance normal, n ͑0.9613, 0.0538, 0.2703͒, was used for the coordinate rotation in Fig. 2 . The plasma velocity and the electric field were next transformed into a frame moving in the X direction and fixed to the magnetopause by requiring that the tangential component of the electric field be continuous in the magnetopause frame. Finally, they were transformed into a frame that moved along the magnetopause surface and in which the magnetosheath plasma flow was incident on the magnetopause in the 2X direction.
Transformation from the spacecraft frame to a frame fixed to the magnetopause was accomplished by assuming that the static magnetopause had a constant tangential electric field as it moved in the X direction at a constant speed. The assumption of a constant speed is consistent with the smooth variation of B Z in Fig. 2e . Given the fields E Y ͑1͒, B Z ͑1͒, E Y ͑2͒, and B Z ͑2͒ in the spacecraft frame at times 1 and 2, the requirement that the tangential electric field in the magnetopause frame be the same at these two times is that y X , the speed of the magnetopause with respect to the spacecraft frame, be
It is noted that this speed is insensitive to offset errors in the field measurements because it results from differences of such measurements. The data of Table I allow computation of an average y X . Early in Table I , the spacecraft was in the magnetosheath and E Y and ͑E 3 B͞B 2 ͒ X were small. After about 24 sec, E Y grew to a typical value of about 21.5 mV͞m. The measured electric field was a remote sensor of magnetopause motion as the local plasma moved with the ͑E 3 B͞B 2 ͒ velocity in response to the magnetopause beginning to move sunward, toward the spacecraft [19] . About 24 sec later, the magnetopause was entered, and the spacecraft entered the magnetosphere about 48 sec later. The magnetopause continued to move sunward for about a minute, at which time the electric field became large and negative, signifying that the magnetopause turned and was returning toward the spacecraft. Indeed, a second magnetopause crossing did occur 3 min following the data in Table I . The average magnetopause speed, as computed from Eq. (1), using 25 combinations of Table I data, was 23.7 6 4.9 km͞sec. These 25 combinations include each of the bold data points in the table (the magnetosheath data) with every one of the following points other than the last two, by which time the magnetopause speed had changed. Two of the 27 combinations thus produced were discarded for being more than two standard deviations from the mean. The Faraday residue method [18] , which generates a slightly different magnetopause normal, yielded a similar speed of 20.6 km͞sec. From the average of these velocities, time, at the bottom of Fig. 2 , has been converted to distance in units of the magnetosheath ion skin depth, c͞v pi 100 km, where v pi is the ion plasma frequency. The thickness of the magnetopause was about 6 magnetosheath ion skin depths (or ϳ3 magnetospheric ion skin depths) at the crossing location of the Polar satellite.
The velocity along the magnetopause surface required to transform from the magnetopause frame to the frame in which the magnetosheath plasma was incident in the 2X direction is ͑0, 9 6 36, 60 6 22͒ km͞sec, and the tangential electric field in this new frame is 0.4 mV͞m. The uncertainty of this field estimate is ϳ2 mV͞m. 
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2 ͒. In Fig. 3c , the ion flow (the dashed horizontal lines) differed significantly from ͑E 3 B͞B 2 ͒ Z (the black points) throughout the magnetopause. This is another manifestation, along with the bipolar signatures in E and B, that the spacecraft was in the ion diffusion region where E 1 v i 3 B fi 0 through the passage. The predominately negative values of the electron flow (the solid horizontal lines) and of ͑E 3 B͞B 2 ͒ Z signify that the spacecraft crossed the magnetopause south of the separator, in agreement with the signs of the bipolar magnetic field signature and the outward pointing normal magnetic field. The maxima of the perpendicular electron flow speed and ͑E 3 B͞B 2 ͒ Z were about 60% of the magnetosheath Alfvén speed of 700 km͞sec, while the perpendicular ion speed did not exceed 20% of this Alfvén speed.
The Z component of the perpendicular electron flow in Fig. 3c differed from ͑E 3 B͞B 2 ͒ Z for about 2 sec near 0547:07 (the interval marked by a thick horizontal bar in Fig. 3c ), when the electron flow was about 2300 km͞sec while ͑E 3 B͞B 2 ͒ Z changed sign and became as large as 1150 km͞sec. The standard deviation of the electron perpendicular flow is estimated to be ഠ75 km͞sec at this time [20] , as is the uncertainty of ͑E 3 B͞B 2 ͒ Z in this small field region. The uncertainty estimates are consistent with the spread in the flow data at other times, particularly in the magnetosphere where the lower density and higher temperature combine to increase the uncertainty in the electron flow. The several-standard-deviation difference between ͑E 3 B͞B 2 ͒ Z and the perpendicular electron flow near 0547:07 suggests the decoupling of electron motion from the magnetic field that is expected in the electron diffusion region, within which E 1 v e 3 B fi 0, where v e is the electron flow velocity. The 2 sec width of this region is about 0.4 magnetosheath ion skin depths or 15 magnetosheath electron skin depths. It is noted that the horizontal bar representing the electron flow between about 0547:04.3 and 0547:08.9 results from two 1.15 sec measurements that start at 0547:05.4 and 0547:07.7 and that are made simultaneously in 12 electron detectors.
The separatrices that bound the magnetopause are associated with local minima in the plasma density of Fig. 2a , boundaries in the low frequency electric field turbulence of Figs. 2f-2h, and achievement by the magnetic field components of their asymptotic values in Figs. 2d and 2e. There is also a parallel electric field associated with the magnetospheric separatrix, as illustrated in Fig. 4 , in which panels 4a and 4b give the plasma density and the parallel electric field, respectively. During this 5 sec interval, the magnetic field was nearly in the spacecraft spin plane such that the relatively larger uncertainties of the spin axis electric field measurement did not affect the parallel field data. It is noted that the largest parallel electric fields were measured in the vicinity of the largest changes in the plasma density, in accordance with the expectation from the generalized Ohm's law that such parallel fields are supported by the divergence of the pressure tensor. These observations can be summarized and interpreted as follows:
1. Hall MHD and the ion diffusion region: Signatures of Hall MHD and the ion diffusion region (the lightly tinted region in Fig. 1) were seen in the Y component of the magnetic field (the arrows into and out of the paper in Fig. 1 ), the X component of the electric field (the red horizontal arrows), and the disagreement between the perpendicular ion flow and ͑E 3 B͞B 2 ͒ Z . The amplitude of the Hall B Y was ϳ45 nT, or ϳ0.55B 0 , where B 0 is the asymptotic magnetic field in the magnetosheath. This compares with the simulation result of ϳ0.35B 0 [2, 21] . The maximum normal electric field was ϳ30 mV͞m or ϳ0.5y Alfvén B 0 , which is equal to the simulation result [21] . The ion diffusion region had a width of about 6 magnetosheath ion skin depths (or ϳ3 magnetospheric ion skin depths) at the location of the spacecraft crossing.
2. The electron diffusion region: Partial evidence for the electron diffusion region (the gray tinted region in Fig. 1 ) was seen in the decoupling of the electron flow from ͑E 3 B͞B 2 ͒ Z during a 2 sec interval and a deep minimum in the magnetic field. The width of this region was ϳ15 magnetosheath electron skin depths (or ϳ8 magnetospheric electron skin depths). The reversal of ͑E 3 B͞B 2 ͒ Z in this central region has not been predicted. 3. The tangential electric field: The tangential electric field at the magnetopause was smaller than the measurement uncertainty of about 2 mV͞m, which corresponds to an inflow rate ,0.02y Alfvén . This rate is an order-of-magnitude smaller than that expected from some computer simulations [2, 3, 15] but it agrees with others [22] .
4. The normal magnetic field: The magnetic field component normal to the magnetopause layer was 5 nT. Because of its near constancy with time, it is a robust estimate that does not depend on the interval over which it is estimated.
5. The spacecraft location: The spacecraft crossed the magnetopause south of the separator (the green trajectory in Fig. 1 ). That the crossing was not far from the separator is evidenced by the fact that the plasma flows were sub-Alfvénic. The maximum ion flow speed was about 300 km͞sec or ϳ0.4y Alfvén , and the maximum electron flow speed was about 500 km͞sec or ϳ0.7y Alfvén . Evidence that the crossing was south of the separator comes from ͑E 3 B͞B 2 ͒ Z being negative, B X being positive, and the sign of the bipolar Hall B Y being that expected for a southward crossing.
6. The observation of separatrices: The separatrix on the magnetospheric side of the magnetopause was well measured as a boundary between turbulent and quiet electric fields that contained a minimum in the plasma density (the thick black lines in Fig. 1) [3] , a parallel electric field (the red arrow along the separatrix in Fig. 1) , and a magnetic field that reached its asymptotic value. The data also indicate the crossing of the separatrix on the magnetosheath side of the magnetopause.
